Abstract. The concept of complexity is used in many areas of computer science and software engineering. Software complexity metrics can be used to evaluate and compare quality of software development and maintenance processes and their products. Complexity management and measurement is especially important in novel programming technologies and paradigms, such as aspect-oriented programming, generative programming, and metaprogramming, where complex multilanguage and multi-aspect program specifications are developed and used. This paper analyzes complexity management and measurement techniques, and proposes five complexity metrics (Relative Kolmogorov Complexity, Metalanguage Richness, Cyclomatic Complexity, Normalized Difficulty, Cognitive Difficulty) for measuring complexity of metaprograms at information, metalanguage, graph, algorithm, and cognitive dimensions.
Introduction
Complexity is a difficult concept to define. Though the term "complexity" is used in many of 25 roadmaps for software [1] and can, e.g., be found in relation to software development, software metrics, software engineering for safety, reverse engineering, configuration management, empirical studies of software engineering [2] , so far there is no exact understanding of what is meant by complexity with various definitions still being proposed. High complexity of a system usually means that we cannot represent it in a short and comprehensive description. L.C. Briand et al. [3] state that complexity (of a modular software system) is a system property that depends on the relationships among elements and is not a property of any isolated element. IEEE Std. 610. 12:1990 [4] defines software complexity as "the degree to which a system or component has a design or implementation that is difficult to understand and verify". Therefore, complexity relates both to comprehension complexity as well as to representation complexity.
software design partitioning rules as a basis for a quantitative measure of complexity: the number of modules at any level of hierarchy must be 7 +/-2. The complexity growth forces researchers to seek for the adequate means for better management of complexity. A number of techniques has been identified and followed in software design practice that enforces higher program comprehensibility reuse and eases complexity management. These include various lexical conventions, design style conventions and design process conventions. The primary tasks are understanding of the complexity problem and finding of relevant measures for evaluating software complexity. These issues may have a direct influence on testability, performance, efficiency and other characteristics of software systems to be designed.
Software metrics have always been strongly related to the programming paradigm used by the respective researchers. E.g., McCabe's Cyclomatic Complexity [13] was proposed for measuring the testing efforts of structural programs. For object-oriented programs, complexity metrics are based on special object-oriented (OO) features, such as the number of classes, depth of inheritance tree, number of subclasses, etc. [13] . With the arrival of new higher-level programming paradigms such as aspect-oriented programming, generic programming or metaprogramming, new complexity metrics should be defined, because metrics applied to programs implemented in different paradigms than the one they were developed for may report false results [14] .
The aim of this paper is to contribute towards research in software complexity measurement and management by defining complexity metrics specifically for metaprograms. The research is relevant because of the importance of ensuring metaprogram testability and reliability and developing effective metaprogram testing procedures, to which metaprogram complexity measures can contribute similarly to the contribution of software metrics to predict critical information about reliability and maintainability of software systems using automatic analysis of source code.
The outline of the paper is as follows. Section 2 discusses related works on complexity metrics. Section 3 analyzes evaluation of metaprogramming and metaprogram complexity. Section 4 describes the proposed metaprogram complexity metrics. Section 5 presents theoretical validation of the proposed metrics. Section 6 gives two examples of metaprogram complexity calculation. Finally, Section 7 presents conclusions and outlines future work.
Related Work on Complexity Metrics
Complexity is the intrinsic attribute of systems and processes through which systems are created. Complexity measures allow reasoning about system structure, understanding system behaviour, comparing and evaluating systems or foreseeing their evolution. System design complexity addresses complexity associated with mapping of a problem space into a given representation. An overall rating of system complexity (System Complexity) consists of the sum of the individual module complexities associated with the 772 module's connections to other modules (Structural Complexity) and the amount of work the module performs (Data Complexity) [15] . Structural complexity addresses the concept of coupling, i.e., the interdependence of modules of source code. It is assumed that the higher coupling between modules is, the more difficult it is for a programmer to comprehend a given module. Data complexity addresses the concept of cohesion, i.e., the intradependence of modules. In this case, it is assumed that the higher cohesiveness is, the easier it is for a programmer to comprehend a given module. The structural and data complexity measures are based on the module's fan-in, fan-out, and number of input/output variables. These metrics address system complexity at the system and module levels. Procedural complexity is associated with the complexity of the logical structure of a program assuming that the length of a program in Lines of Code (LOC) or the number of logical constructs such as sequences, decisions, or loops determines complexity of the program.
M. Rauterberg [16] addresses a similar problem, i.e., how to measure the cognitive complexity in human-computer interaction. He proposes to derive cognitive complexity (CoC) from behaviour complexity (BC), system complexity (SC) and task complexity (TC) as: CoC = SC + TC -BC.
S.D. Sheetz et al. [17] address complexity of the OO system at the application, object, method, and variable levels, and at each level propose the measures to account for the cohesion and coupling aspects of the system. Complexity of the OO system at each level is presented as a function of the measurable characteristics such as fan-in, fan-out, number of I/O variables, fan-up, fan-down, and polymorphism. Each measure is defined with adherence to the principles that measures must be intuitive and that they must be applicable to all phases of the OO development lifecycle.
Cyclomatic complexity is one of the more widely-accepted static software metrics [13] . It is intended to be independent of the language and language format. The other metrics bring out other facets of complexity, including both structural and computational complexity: Halstead complexity measures [18] identify algorithmic complexity, measured by counting operators and operands; Henry and Kafura metrics [19] indicate coupling between modules (parameters, global variables, calls); Bowles metrics [13] evaluate the module and system complexity, coupling via parameters and global variables; Troy and Zweben [13] metrics evaluate modularity or coupling; complexity of structure (maximum depth of a structure chart). Wang's cognitive complexity measure [20] indicates the cognitive and psychological complexity of software as a human intelligence artefact. With the arrival of new programming paradigms, new complexity metrics have been proposed for aspect-oriented programming (AspectJ) [21] and generic programming (C++ Standard Template Library) [22] .
There were efforts to describe formal properties of complexity metrics that could be used for evaluation and theoretical validation of complexity measures. J. Weyuker [23] introduces a set of syntactic software complexity properties as criteria and examines the strengths and weaknesses of the known complexity measures, which include statement count, cyclomatic number, effort measure, and data flow complexity. L.C. Briand et al. [3] provide a theoretical framework for relating structural complexity, cognitive complexity and external quality attributes.
Complexity of metaprogramming and metaprograms
It is a well-known fact that the same algorithm implemented in different programming paradigms or languages can have very different complexity of description (i.e., description complexity is not a property of an algorithm but rather a property of an implementation language). For example, one study [24] shows that complexity of Quick Sort algorithm implementations measured using Halstead Volume, Program Effort and Program Difficulty metrics [18] is highest for C and lowest for Assembly and Visual Basic language programs. Metaprogramming [25] , as a paradigm for developing programs that create other programs, is a level of complexity above traditional programming paradigms. There are two types of metaprogramming: homogeneous metaprogramming and heterogeneous metaprogramming.
In case of homogeneous metaprogramming, we have two subsets of a domain language: one is dedicated for expressing domain functionality, and the other is used for managing variability at meta-level (generic parameters, templates, etc.). The developer has to know only one programming language syntax, the metaprogram is as readable as a domain program written in the same domain programming language, and the development flow uses the same development toolset. Therefore, the complexity of developing metaprograms using homogeneous metaprogramming technique is only slightly higher than complexity of traditional programming.
In case of heterogeneous metaprogramming, we have two different languages: a domain language itself and a metalanguage, which manipulates with source code of domain language programs. As a result, the cognitive complexity of heterogeneous metaprograms expressed in terms of their readability and understandability is significantly higher, because the developer must know, understand and use the syntactical constructs of two different languages in the same metaspecification. The development flow is significantly more complex: not only two development environments have to be used, but also the testing of metaprograms is a significant and timeconsuming problem. Therefore, complexity of developing metaprograms using heterogeneous metaprogramming techniques is considerably higher than complexity of traditional programming.
Complexity measures may be helpful for reasoning about metaprogram structure, understanding the relationships between different parts of metaprograms, comparing and evaluating metaprograms. Here we distinguish between: 1) first-order properties, or characteristics, which are derived directly from the metaprogram description itself using simple mathematical actions such as counting, e.g., program size (count of symbols in a file); and 2) second-order properties, or metrics, which cannot be derived directly from artefacts, but are calculated from the first-order properties.
Metaprogram complexity can be evaluated at several dimensions: 1) Information: Metaprogram as message (sequence of symbols) containing information with unknown syntax and structure.
2) Metalanguage: Metaprogram as annotated domain knowledge. Domain knowledge is expressed using a domain language, whereas domain variability is specified using a metalanguage. Such separation of domain and meta levels is a first step towards the creation of a metaprogram.
3) Graph: Metaprogram as a graph of execution paths, where a root is a metaprogram, the nodes are the metalanguage constructs, and the leaves are the domain program instances.
4) Algorithm: Metaprogram as a high-level program specification (algorithm), which contains a collection of functional (structural) operations. An operation may have one or more operands specified as metaprogram attributes (parameters).
5) Cognition: Metaprogram as a number of different information units available for human cognition. A unit may represent either a metalanguage construct (macro, template, function), its argument or a meta-parameter.
Metaprogram Complexity Metrics
We use the following metrics for evaluating complexity at different dimensions of a metaprogram: Relative Kolmogorov Complexity (RKC), Metalanguage Richness (MR), Cyclomatic Complexity (CC), Normalized Difficulty (ND), and Cognitive Difficulty (CD).
Information dimension: Relative Kolmogorov Complexity
There are several methods to evaluate informational software complexity such as Shannon entropy, computational complexity, network complexity and topological complexity. We use the algorithmic complexity metric also known as Kolmogorov Complexity [26] . Kolmogorov complexity is a measure of randomness of strings and other objects based on their information content. Kolmogorov Complexity measures complexity of an object by the length of the smallest program that generates it. Suppose, we have an object x and a description system (e.g., a programming language) φ that maps from a description w to this object. Kolmogorov Complexity K φ (x) of an object x is the size of the shortest program in the description system φ capable of producing x on a universal computer:
Different description systems can provide distinct values of K(x), but one can prove that the differences are only up to a fixed additive constant. Intuitively, Kolmogorov Complexity K φ (x) is the minimal size of information required to generate x by an algorithm. Unfortunately, it cannot be computed in the general case and must be approximated. Usually, compression algorithms are used to give an upper bound to Kolmogorov Complexity. Suppose that we have a compression algorithm C i . Then, a shortest compression of w in the description system φ will give the upper bound to information content in x:
Kolmogorov Complexity has been used earlier (under the name of Generative Software Complexity) to measure the effectiveness of applying program generation techniques to software [27] . Program generators were defined as compressed programs, and the shortest generator is assumed to have maximal generative complexity.
Here we evaluate the complexity of a metaprogram M using the Relative Kolmogorov Complexity (RKC) metric, which can be calculated using a compression algorithm C as follows:
where M is the size of a metaprogram M, and   M C is the size of a compressed metaprogram M.
A high value of RKC means that there is a high variability of text content, i.e., high complexity. A low value of RKC means high redundancy, i.e., the abundance of repeating fragments in metaprogram code.
Metalanguage dimension: Metalanguage Richness
Metaprogram M can be defined as a collection of domain language statements with corresponding annotations (metadata) expressed symbolically:
, where s is a domain language statement, m is the metadata of s , and *  is a string of symbols from alphabet  . For the evaluation of metaprogram complexity at the metalanguage dimension, we use the Metalanguage Richness (MR) metric:
where M is the size (length) of a metaprogram M, and m is the size (length) of the metalanguage constructs in a metaprogram M.
A higher value of MR means that a metaprogram contains more metadata and its description is more complex.
Graph dimension: Cyclomatic Complexity
Cyclomatic Complexity (CC) [28] of a program directly measures the number of linearly independent paths through a program's source code from entrance to each exit. For metaprograms, CC is equal to the number of distinct domain program instances that can be generated from a metaprogram.
A metaprogram M can be defined as a function  
that maps from a set of its parameters P to a set of its domain program instances I. Following this definition, CC of a metaprogram is equal to the cardinality of a set of the distinct domain program instances described by a metaprogram.
Since  is an injective function, which associates distinct metaprogram parameter values with distinct domain program instances, the cyclomatic complexity of a metaprogram M can be computed using only the interface description of a metaprogram. For independent parameters, the value of CC can be calculated as a product of the number of allowed parameter values for each parameter of a metaprogram:
A higher value of CC indicates higher complexity of the metaprogram's parameter set (meta-interface).
Algorithmic complexity: Normalized Difficulty
A functional program specification S is a sequence of functions
is a specific function (operator) that may have a sequence of operands as its arguments, and A is a set of function operands. For metaprograms we accept that operations are specified as metalanguage functions, and operands are specified as metaprogram parameters. For the evaluation of metaprogram complexity at the algorithm dimension, we use the Halstead complexity metrics [18] . From a metaprogram we derive the number of distinct operators Halstead Difficulty D indicates the cognitive difficulty of a program:
The Halstead Volume V measures the size of a program specification:
For evaluating metaprogram complexity at the algorithm dimension we propose the Normalized Difficulty (ND) metric, which is a normalized ratio of the cognitive difficulty and size metrics:
The ND metric measures the complexity of a metaprogram as an algorithm. A high value of the ND metric means that metaprogram is highly complex in terms of time and effort required to understand it.
Cognitive complexity: Cognitive Difficulty
Following the works of G. Miller [29] stating that humans can hold 7 (+/-2) chunks of information in their short-term memory at one time, and M. Keating [12] , who claims that the number of modules at any level of software hierarchy must be 7 +/-2, for evaluating complexity of metaprograms we propose the Cognitive Difficulty (CD) metric. Cognitive Difficulty is calculated as the maximal number of meta-level units (metaparameters P, metalanguage constructs N 1 , or their respective arguments N 2 ) in a metaprogram.
The proposed metaprogram complexity metrics are summarized in Table 1 . 
Theoretical validation of complexity metrics
Validation of software metrics is important to ensure that metrics are accepted by the scientific community and used properly. There are two methods of metrics validation: theoretical and empirical [30] . Theoretical validation ensures that the metric is a proper numerical characterization of software property it claims to measure. Empirical validation relates metrics with some important external attributes of software (such as the number of faults). While both types of validation are necessary, the empirical validation requires much time and many researchers to contribute since many studies need to be performed to gather convincing evidence from many real-world libraries and applications that a metric is valid. The domain of metaprogram complexity research is not mature yet, therefore while there are open metaprogram libraries available (such as Boost [31] in C++) for such research currently there are not sufficient data available publicly on the external characteristics of such metaprograms such as reliability or maintainability.
Therefore, we validate the proposed metaprogram complexity metrics theoretically using Weyuker's properties [23] , a set of formal properties that can be used to evaluate any software metrics.
Property 1 (Eq. 11) will be satisfied when we can find two metaprograms of different complexity. All proposed complexity metrics satisfy Property 1.
Property 2 is satisfied when there are finitely many programs of complexity c , where c is a non-negative number. The property is not satisfied for all complexity measures that are size-independent (scaled). Therefore Property 2 is not satisfied for all proposed metaprogram complexity metrics.
Property 3 (Eq. 12) is satisfied if we can find two distinct metaprograms that have equal complexity. The property is satisfied by all proposed metaprogram complexity metrics.
Property 4 (Eq. 13) is satisfied if equivalent metaprograms of different complexity can be written. The property is not satisfied by RKC and MR metrics.
Property 5 (Eq. 14) is satisfied if after concatenating two metaprograms, the complexity of the merged metaprogram increases beyond individual   
Property 6 (Eq. 15) is satisfied if concatenation of two equal complexity metaprograms with some other metaprogram gives different complexity metaprograms. The property is satisfied by all metrics (because metaprograms can have common metaparameters, but distinct metabodies).
Property 7 is satisfied if by permuting the order of statements in a metaprogram, the complexity of a metaprogram changes. The property is not satisfied by all metaprogram complexity metrics except RKC metric.
Property 8 is satisfied if renaming of the symbols and variables of a metaprogram does not change the complexity of a program. The property is satisfied for all metaprogram complexity metrics except RKC metric.
Properties 9a (Eq. 16) and 9b (Eq. 17) are satisfied when a two (or more) metaprograms are concatenated, the sum of complexities of the original metaprograms is less than the complexity of the bigger metaprogram. The property is satisfied by RKC (because the concatenation provides more opportunities for compression), CC (because adding new metaparameters leads to geometrical increase of metaprogram instance number), CD (because two metaprograms can have the same metaparameters, metalanguage constructs or their arguments) metrics. Properties 9a and 9b are not satisfied by MR metric (because combining two metaprograms will not lead to their increased coupling). Only property 9a is satisfied by ND metric. The results of theoretical validation are summarized in Table 2 . Note that Weyuker's properties were developed for procedural languages. Hence, there might be possibility that a proposed metaprogram complexity measure may not satisfy all the properties, but still may be valid for metaprogramming domain as, e.g., some object-oriented metrics that do not satisfy Weyuker's properties are still considered valid for object-oriented programs [32].
6.
Example of metaprogram complexity calculation
Heterogeneous metaprogramming
We demonstrate the complexity calculation of the heterogeneous metaprogram developed for hardware design domain. In hardware design domain, a great number of similar domain entities exist. For example, the most widely used hardware library components are gates (see Fig. 1 ; in VHDL), which implement a particular logical function. The hardware designer requires many different gate components implementing different functions and having a different number of inputs. All these components are very similar to each other both syntactically and semantically, and thus they constitute a component family. We calculate RKC value using a BWT (Burrows-Wheeler Transform) compression algorithm, because currently it allows achieving best compression results for text-based information and thus allows to better approximate information content. The size of the gate metaprogram is 271 B. The size of the compressed metaprogram will put the upper limit on its information content. After compression we obtain 245 B, therefore RKC value of a gate metaprogram is equal to 245/271 = 0.90.
We calculate MR of the gate metaprogram by calculating the size of its metainterface and the length of its metalanguage functions, which is equal to 139 B. Therefore, its MR value is equal to 139/271 = 0.51.
Cyclomatic Complexity of a metaprogram is a number of different program instances that can be generated from it. The metric can be calculated as the number of distinct metaprogram parameter values. Parameters f and num are independent. Parameter f can have 6 different values, and parameter num can have 7 values. The gate metaprogram covers a family of 42 7 6   different component instances. Therefore, its CC value is 42.
The gate metaprogram has 3 metalanguage functions, 2 distinct functions (@gen, @sub), 4 metalanguage function arguments and 3 distinct arguments Table 3 .
Based on the metaprogram complexity metric values we can make the following conclusions on complexity of the gate metaprogram. The RKC value is high, therefore the metaprogram almost has no repeating fragments, it is coded at a meta-level efficiently and there is hardly room for any additional generalization without introducing new parameters or widening the scope of the metaprogram. The MR value shows that metalanguage constructs cover only about a half of the metaprogram's size, therefore, its understandability and readability is good. Following Frappier et al. [34] , who introduce the following boundaries of the CC values based on empirical research and practical implementations of large software systems: simple (1-10), slightly (moderately) complex (11-20), complex (21-50), over-complex and untestable (> 50), we conclude that due to large parameter space of the metaprogram, the exhaustive testability of its instances is complex. The CD value is below lower threshold (< 5) for short-term memorability of chunks of information as formulated by [29] , therefore, cognitive complexity of the metaprogram is low. Finally, we present complexity values calculated for Open PROMOL metaprograms created from Altera's library for OrCAD VHDL components (Table  4) . Altera's library is a large collection of specific components, which are supposed to cover the entire circuit design domain (it contains 282 macrofunctions and 73 primitives, i.e., 355 VHDL components at all). The components were generalized using Open PROMOL metalanguage to create a generic VHDL component library [35] . We evaluate the results presented in Table 4 as follows. Most complex metaprograms are those, which describe components with largest variability in the domain, thus requiring a larger number of parameters for selection of a specific instance and a larger number of metalanguage functions to represent their variability (see values of CC and CD metrics). Such metaprograms are difficult to test and maintain. Their complexity can be decreased by introducing hierarchical decomposition at the metaprogram level.
Homogeneous metaprogramming
As Fig. 3 . The complexity measurement results using the proposed metaprogram complexity metrics are presented in Table 5 .
Template functions in the Boost.Math library are rather simple. 
